Tissue engineering has evolved from the use of biomaterials for bone substitution that fulfill the clinical demands of biocompatibility, biodegradability, non-immunogeneity, structural strength and porosity. Porous scaffolds have been developed in many forms and materials, but few reached the need of adequate physical, biological and mechanical properties. In the present paper we report the preparation of hybrid porous polyvinyl alcohol (PVA)/bioactive glass through the sol-gel route, using partially and fully hydrolyzed polyvinyl alcohol, and perform structural characterization. Hybrids containing PVA and bioactive glass with composition 58SiO 2 -33CaO-9P 2 O 5 were synthesized by foaming a mixture of polymer solution and bioactive glass sol-gel precursor solution. Sol-gel solution was prepared from mixing tetraethoxysilane (TEOS), triethylphosphate (TEP), and calcium chloride as chemical precursors. The hybrid composites obtained after aging and drying at low temperature were chemically and morphologically characterized through infrared spectroscopy and scanning electron microscopy. The degree of hydrolysis of PVA, concentration of PVA solution and different PVA-bioglass composition ratios affect the synthesis procedure. Synthesis parameters must be very well combined in order to allow foaming and gelation. The hybrid scaffolds obtained exhibited macroporous structure with pore size varying from 50 to 600 µm.
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Tissue engineering represents a new field that aims to grow complex, three-dimensional tissues or organs to replace damaged tissues 1 . For this purpose, investigation of novel biomaterials for bone engineering represents an essential area for planning tissue engineering approaches. Next generation biomaterials should combine bioactive and bioresorbable properties to activate in vivo mechanisms of tissue regeneration, stimulating the body to heal itself and to facilitate replacement of the scaffold by the regenerating tissue. A variety of biomaterials, including synthetic polymers [2] [3] [4] , ceramics 5 and natural polymers 6 are being used to fabricate synthetic scaffold that acts as guide and stimulus for the three-dimensional tissue growth 7, 8 . Controlled porous architecture, high porosity, adequate pore size and interconnectivity, of these scaffolds is necessary to facilitate cell seeding and diffusion throughout the whole structure of both cells and nutrients. The minimum pore diameter required for bone ingrowth and angiogenesis into a scaffold is considered to be 100 μm 9 . Previous in vitro work has suggested that the ideal pore diameter for bone ingrowth is between 300-400 μm 10 . The material must exhibit good biocompatibility meaning that the material must not demonstrate severe immunogenicity or cytotoxicity. The ability to control scaffold degradation and mechanical integrity is also a requirement to be fulfilled in the development of optimal scaffolds. Ideally, scaffolds should closely match the properties of the tissue it is to replace.
Either biodegradable polymer or ceramic scaffolds, commonly being considered for bone tissue engineering, lack adequate mechanical properties. Synthetic bioresorbable polymers are easily fabricated into complex structures, yet they are too weak to meet the demands of surgery and the in vivo physiological environment. Conversely, ceramic scaffolds have low toughness and strength. Efforts have been made in developing composite of polymers and ceramics with the aim to increase the mechanical stability and improve tissue interaction 11 . The material composition might give favorable mechanical properties, strength via ceramic phase, toughness and plasticity via polymer phase. Thus, hybrid materials derived from the integration of biodegradable polymers with bioactive inorganic material might be promising on scaffolds development. The bioactive ceramic phase may be a calcium phosphate ceramic, a glass-ceramic or a bioactive glass. Bioactive glasses are able to form a bond to living bone, which has been attributed to the formation of hydroxyl carbonate apatite layer under physiological conditions 12 . However bioactive glass is a stiff and brittle material, difficult to form into complex shapes and prone to catastrophic fracture under loads.
The sol-gel method has been employed for the synthesis of hybrid organic-inorganic composite materials 13, 14 . Sol-gel derived bioactive glass foams were also successfully obtained 15, 16 . In vitro cell studies in the presence of these foams have shown an increase in osteoblast proliferation and collagen production 17 as well as the stimulation of the formation and mineralisation of bone nodules 18 reinforcing their potential. However, their compressive strength is in the range of 0.3 to 2.5 MPa, depending on sintering temperature and final pore structure 19 , a value lower than even trabecular bone. Nevertheless, it is in the range obtained for several scaffolds for tissue engineering reported in the literature 20 . However the toughness and tensile strength of the foams are lower than those of bone. It is expected that the preparation of polymer bioactive glass hybrid foams may lead to scaffolds with better mechanical behavior compared to pure bioactive glass foams.
It should be emphasized however that these materials are expected to be used in sites free of dynamic load, or with controlled load during tissue regeneration.
Polyvinyl alcohol, PVA, is a water soluble synthetic resin which is obtained through polymerization of vinyl acetate monomer. By hydrolysis, the acetate groups are converted in hydroxyl groups. The degree of hydrolysis in a polyvinyl alcohol reagent is controlled by this process. The polar nature of poly (vinyl alcohol) facilitates the formation of hydrogen bonds and eventual condensation with silanol groups (from developing polysilicate network) formed by hydrolysis of the silicon alkoxides 21 . Moreover PVA has been proposed for controlled release systems and is employed in a variety of biomedical applications, generally being considered to be biocompatible 22, 23 .
Although not a biodegradable polymer itself, when used with molecular weight less than around 10.000 g/mol and associated with a biodegradable sol-gel derived bioactive glass, PVA molecules are expected to be eliminated by the body.
Synthetic bioactive and bioresorbable composite materials are becoming increasingly important as scaffolds for tissue engineering. Bioactive glass reacts with physiological fluids to form tenacious bonds to hard (and in some cases soft) tissue. Composites of tailored physical, biological and mechanical properties as well as predictable degradation behavior can be produced combining bioresorbable polymers and bioactive inorganic phases. Both PVA, as well as bioactive glasses, are being currently used as biomaterials, candidates for tissue engineering applications 24, 25 . In previous work of our group 25, 26 the synthesis of PVA/silica hybrids obtained via sol-gel method was reported. The hybrids were prepared with low polymer contents (20-40 wt. (%)).
In this work, we present results concerning the sol-gel synthesis of polyvinyl alcohol-bioactive glass hybrid foams, with polymer contents from 60 to 80 wt. (%), and different types of PVA. The purpose of this study was to investigate the effects of some important synthesis parameters such as degree of hydrolysis of PVA, concentration of PVA solution and higher PVA content on the final properties of composites. As far as we know, this is the first research in this technology field to address the influence of PVA chemical properties such as degree of hydrolysis on the fabrication of bioactive glass-polymer (PVA) hybrid tri-dimensional scaffolds.
Experimental

Hybrids preparation
Sol-gel derived bioactive glass/polyvinyl alcohol hybrid foams were prepared using a procedure similar to the one used by Pereira et al. 25, 26 .
Preparation of PVA solution
The Polyvinyl alcohol (PVA) selected for use were: from Celanese Chemicals, Celvol 103, degree of hydrolysis 98.0-98.8%, molecular weight range: 13,000-23,000 g/mol and from Aldrich-Sigma, degree of hydrolysis 80%, molecular weight: 9,000-10,000 g/mol. PVA aque- 
Preparation of the PVA-Bioactive glass hybrid foams
The hybrid compositions prepared were 20, 30, 40 wt. (%) glass and 80, 70, 60 wt. (%) polymer. The hybrids were obtained using a procedure similar to the one described by in our previous work 25, 26 . An appropriate amount of the starting sol was added to the PVA solution. To this resulting solution were added the surfactant, sodium laureate sulfate (LESS), and HF 10%v/v solution. The mixture was foamed by vigorous agitation. Hydrofluoric acid was used to catalyze the gelation. The foams were cast just before gelation in plastic containers and sealed. The samples were, basically, aged at 40 °C for 3 days and then dried at 40 °C for 7 days.
Hybrids characterization
FTIR was used to characterize the presence of chemical groups. The FTIR absorption spectra were obtained within the range between 4000 and 400 cm -1 (Perkin Elmer, Paragon 1000), using the KBr pellet method. For the PVA sample was prepared a thin film and used the transmission spectroscopy. Porous morphologies of the hybrids were examined with a scanning electron microscope (JEOL, JSM-6360L) after carbon coating. The examination was carried out at accelerating voltage of 15 kV. To expose the internal architecture, the samples were cut with a razor blade. Table 1 presents the labels, composition (wt. (%)) of the hybrids and PVA solution concentration (wt %) used to prepare the hybrids.
Results and Dis�ussion
Hybrid PVA/bioglass foams were obtained for polymer contents of 60, 70 and 80 wt. (%). The use of two degree of hydrolysis of PVA changed the solution behavior. For PVA, fully hydrolyzed (Celvol 103), the concentrations of the starting PVA solution that proved to be adequate to allow the production and gelation of the foam were 23 and 28 wt. (%). Using 23 wt. (%), the resulting final foams have less residual water and the drying procedure is more efficient, compared to lower concentration PVA solutions used in previous work. Comparing with the 28 wt. (%) concentration, the amount of hydrofluoric acid necessary to gel the foam was higher. Reaching gelation can be better controlled when working with PVA fully hydrolyzed, Celvol 103, since its solution has higher viscosity and the higher predominance of hydroxyl groups may contribute to crosslink with the polysiloxane network, through hydrogen bonds and condensation with silanol groups. The chemical crosslinking between the organic and inorganic network is illustrated in Figure 1 , which shows a schematic representation of the hybrid network produced based on polyvinyl alcohol. For PVA, 80% hydrolyzed, the starting PVA concentration of 23 wt. (%) did not work, even for higher HF concentration used foams could not be stabilized, since the gel-sol transition could not be reached using the procedure adopted. At 28 wt. (%), depending of the hybrid composition, it was possible obtain the hybrid foams. For hybrid composition of PVA higher than 70 wt. (%), the control of the foam casting could not be done, since the gel-sol transition is a very slow process in the conditions used. PVA, 80% hydrolyzed, presents higher amount of acetate groups left in the backbone, providing less reaction sites for reaction with silanol groups formed during hydrolysis of silicon precursors (Figure 1) . The presence of acetate groups in partially hydrolyzed polymers weakens the hydrogen bonding. This suggests that the mechanism involving interaction between the hydroxyl groups of PVA and hydroxyl groups of silanol, from hydrolyzed silica, is delayed. Chemical crosslinking, as illustrates Figure 1 , is a versatile method to modify and improve properties in materials. In this way, there are several advantages on using organic-inorganic hybrid, because one may be able to tailor physical, biological and mechanical properties as well as predictable degradation behavior where novel materials can be produced combining bioresorbable polymers and bioactive inorganic phases.
FTIR Characterization
Representative IR spectra of the pure PVA films, the bioglass and the hybrid foams are shown in Figure 2 , for the sample group of PVA fully hydrolyzed, and in Figure 3 for the PVA 80% hydrolyzed sample group. Although not shown in the figures, the spectra of the other hybrids obtained in this work are very similar to the spectra exhibited in Figures 2c and 3c . No relevant differences were found by using the two PVA precursors neither for varying the PVA solution and composition of the hybrids.
In Figures 2a and 3a , FTIR spectra of pure PVA are shown. For both PVA spectra, the broad band observed from 3100 to 3600 cm -1 may be assigned to O-H stretching due the strong hydrogen bond of intramolecular and intermolecular type 27 . The presence of a higher hydroxyl content in the fully hydrolyzed PVA compared to the PVA 80% hydrolyzed can be seen from the broader band around 3300 cm -1 . The C-H alkyl stretching band 21 can be observed at 2850-2950 cm (for fully hydrolyzed PVA) or 1740 cm -1 (for 80% hydrolyzed) and at 1090-1150 cm -1 may be attributed to the stretching vibration of C = O and C-O of the remaining vinyl acetate non-hydrolyzed group of PVA polymer 21 . The absorption band around 1700 cm -1 arises due to the carbonyl band (C=O) of the acetate group found in partially hydrolyzed PVA polymer and has higher relative intensity for the PVA 80% hydrolyzed as expected from the higher concentration of remaining acetate groups. In the FTIR spectra of the bioglass presented in both figures, the vibrational modes due to Si-O-Si asymmetric stretching are observed at approximately 1070 cm -1 and 1200 cm -1 . Additional peaks are seen at 790 cm -1 (for symmetric Si-O-Si stretching vibration, and at 450 cm -1 (for Si-O-Si bending modes) 28 . A typical absorption band observed in silica gel is located at 1640 cm -1 and is attributed to the deformation mode of adsorbed molecular water in the pores. The band at 950 cm -1 has been ascribed to the stretching vibration of silanol groups in pure silica (vibrational modes of Si-O-stretching) 28 . FTIR spectra of hybrid in the composition 70 wt. (%) PVA-30 wt. (%) bioglass are presented in Figures 2c and 3c , for Celvol and 80% hydrolyzed, respectively. The bioglass component is identified by major vibration bands, (Si-O-Si, at 1080 and 450 cm -1 ). For both hybrids, the peak at 950 cm -1 associated with the Si-OH vibrational mode remains as a shoulder. In the frequency range of 3000-3650 cm -1 , a broader band was noted, especially for hybrid prepared from PVA fully hydrolyzed (Figure 2c ). The band located at 1640 cm -1 remains in the spectra of the hybrids since the low heating temperature is not enough to remove the molecular water of the pores. The terminal vinyl groups of the PVA which appear at 1710 cm -1 (for fully hydrolyzed PVA) or 1740 cm -1 (for 80% hydrolyzed) are not shown in the hybrids, which suggests that these bonds might be involved in crosslinking with silica. In the range 1500-900 cm -1 there is a superposition of the bands derived from the bioglass and the PVA components.
Scanning electron microscopy
The pore morphology and distribution of the hybrid foams can be seen by the SEM micrographs presented in Figure 4a -d. (Figure 4d ), the gelation time was shorter and the time at which the foam was cast, the gelation point almost reached, affecting the final porous structure.
For this hybrid, the distribution of pores is more homogeneous and pore size ranged from 50 to 90 µm and reaching 450 µm for the bubble-like pores. For the composition of 80 wt. (%) PVA, Figure 4b , for both PVA polymers used, the gelation time was delayed and the pore morphology was semi-spherical. Hybrid showed in Figure 4b has the largest pores (pore size from about 160 to 500 µm) and hybrid in showed Figure 4d has the smallest.
The number of possible combinations of bioactive glasses with biocompatible polymers such as PVA is almost countless. That means each and every proportion of inorganic phase CaO, SiO 2 and P 2 O 5 , not to mention the synthesis parameters themselves, will result on a different hybrid system with some specific properties and bioactive behavior. Therefore, synthetic bioactive and bioresorbable composite materials are becoming increasingly important as scaffolds for tissue engineering. Next generation biomaterials must combine bioactive and bioresorbable properties to activate in vivo mechanisms of tissue regeneration, stimulating the body to heal itself and to facilitate replacement of the scaffold by the regenerating tissue. Bioactive glass reacts with physiological fluids to form tenacious bonds to hard (and in some cases soft) tissue. However bioactive glass is a stiff and brittle material, difficult to form into complex shapes and prone to catastrophic fracture under loads. Conversely, synthetic bioresorbable polymers are easily fabricated into complex structures, yet they are too weak to meet the demands of surgery and the in vivo physiological environment. Composites of tailored physical, biological and mechanical properties as well as predictable degradation behavior can be produced combining bioresorbable polymers and bioactive inorganic phases.
Con�lusions
Hybrid Polyvinyl alcohol/bioglass foams have been prepared by the sol-gel method, with a high content of polymer (60 to 80%). The synthesis parameters need to be very well combined in order to allow the control of foaming and gelation. Pore characteristics of the obtained scaffolds have been related to hybrid composition, concentration of the polymer solution used, and gelation time. The macropore diameter ranged from 50 to 600 µm.
The results suggest that there is scope for designing materials with controlled compositions and morphologies. Such system has a potential to be used in bone tissue engineering, but further studies must be conducted.
